Abstract: This study investigated the effects of pair housing on diurnal rhythms of heart rate and autonomic nervous activity in miniature swine. For this purpose, six adult Göttingen miniature swine were initially housed individually in an animal cage. Then, two of each swine were housed in a large cage together for 3 weeks. After that swine were separated into individual cages again.
Introduction
Individual animal responses to acute and chronic stress are interesting in both experimental and industrial animals from the point of view of animal neurochemical and endocrine factors (catecholamines, adrenocorticotrophic hormone, and glucocorticoids etc.) have been measured for assessing the stress response. However, most of these factors are measured by invasive methods, and increasing interest has been shown in heart rate variability as a noninvasive index of autonomic nervous activity [15] . Therefore, to evaluate autonomic nervous activity in miniature swine, we have already established the power spectral analysis of heart rate variability and have characterized the diurnal variation of the autonomic nervous function [6] . Although power spectral analysis of heart rate variability has not yet been performed to estimate the autonomic nervous activity relating to stress response in miniature swine, the analysis could provide more specific and reliable information concerning the underlying autonomic nervous function in stress response.
Breeding circumstances such as mixing are known to be accompanied by increased agonistic behavior and may result in social stress [16] . In addition, the stress response is reflected by changes in the cardiovascular system [2, 9] and by behavioral reaction [1, 5, 7] . Therefore, we investigated heart rate and autonomic nervous function by power spectral analysis of heart rate variability in miniature swine to clarify the effects of pair housing of animals.
Materials and Methods

Animals
Six adult male Göttingen miniature swine (body weight, 16.5 to 26.3 kg; age, 9 to 15 months) obtained from a closed colony (Miniature Swine/CSK; Chugai Research Institute for Medical Science, Inc., Nagano, Japan) were studied. Each animal was housed individually in an animal cage (65 × 90 × 60 cm) and was exposed to 14/10-h light/dark cycle. Standard swine diet (NS; Nisseiken Co., Ltd., Tokyo, Japan) and tap water were provided ad libitum. The animal room was continuously ventilated by an air conditioner, and room temperature and humidity were maintained at 22 ± 3°C and 50 ± 20%, respectively. All animals in this experiment were treated in accordance with the guidelines provided by the Ethics Committee for Treatment of Laboratory animals of Chugai Pharmaceutical Co., Ltd. (Tokyo).
At first, six miniature swine were housed individually in the cage. Then, two of each miniature swine were housed together at random in a large cage (160 × 160 × 160 cm) for 3 weeks. After that, miniature swine were separated again and housed in their original cages. The time course of this study is shown in Fig. 1 . The behaviour of the animals throughout the experiments was recorded with on video by a camera placed in the animal room.
Holter ECG recordings
The 24-h Holter ECG recordings were made in six miniature swine, using a two-channel recorder (QUICK-CORDER QR-1200; Fukuda M-E Kogyo Co., Ltd., Tokyo). A jacket for Holter recordings in miniature swine (ME-LABO System Corp., Tochigi, Japan) was used to hold the recorder [13] . The ECG was recorded, using the apex-base lead.
Power spectral analysis of heart rate variability
An off-line analysis was performed by use of an ECG processor analyzing system (Softron, Tokyo) for the Holter and power spectral analysis data. The computer program first detected R waves and calculated the RR interval tachogram as raw heart rate variability in sequence order. From this tachogram, data sets of 512 points were re-sampled at 3.5 Hz. This tachogram length was selected as the best compromise between the need for a large time series to achieve greater accuracy in the computation and the easiest for short periods [10] . Any RR intervals before and after artifacts were excluded from the analysis. A Hamming window was applied to each set of data to minimize spectral leakage. A fast Fourier transform was performed to obtain the power spectrum of the fluctuation. For the assessment of diurnal variations, each-hour spectral plots were prepared from the average of 90 spectra computed over 3 min periods. Values were calculated as the mean for each swine during the day, night and total, then the mean ± SEM was obtained for the six swine. We obtained heart rate, the low frequency (LF) power, the high frequency (HF) power, and the LF/HF ratio from the recordings. We set LF at 0.01-0.07 Hz and HF at 0.07-1.0 Hz according to a previous study [6] .
Statistical analysis
All values are expressed as mean ± SEM. Statistical comparisons were made by use of a Wilcoxon signedrank test. A value of P<0.05 was considered significant.
Results
Heart rate of miniature swine in housed individual cages clearly showed diurnal rhythm, in which the values of heart rate in the light phase (05:00-19:00) were higher than those in the dark phase (19:00-05:00) (Fig.  2, Fig. 3 ). The changes in 24-h plot of HF and the LF/ HF ratio also showed diurnal patterns (Fig. 4) . The HF power in the light phase was significantly lower than that in the dark phase (Fig. 5) . Moreover, the LF/HF ratio in the light phase was higher than in the dark phase (Fig. 5) . When 2 swine were housed together, heart rate was significantly increased throughout the day, and was maintained at more than 100 bpm (Fig. 2) . Moreover, the diurnal rhythm which existed in miniature swine housed in individual cages disappeared (Fig. 3) . Increased heart rate gradually recovered to basal levels, returning to basal levels after 2 weeks (Fig. 2) . Further, there was no significant difference in heart rate between in the individual cage and after re-housing in own individual cages. The changes in 24-h plot of HF and LF showed the absence of diurnal patterns (Fig. 4) . The HF power was significantly decreased throughout the day. However, the LF/HF ratio was significantly increased especially in the light phase. These changes were also gradually recovered to basal levels, returning to basal levels after 2 weeks. As shown in Fig. 6 , the changes in 24-h plot of heart rate and the LF/HF ratio were very similar before and during mixing of animals.
Aggressive behaviour such as threatening attack was observed just after miniature swine were housed together in a large cage. However, this kind of behaviour was tremendously decreased in a few hours and almost disappeared from 2 days after mixing.
Discussion
This study has demonstrated effects of breeding circumstances on heart rate and autonomic nervous function in miniature swine. Heart rate in miniature swine housed in individual cages clearly showed a di- Fig. 4 . Changes in 24-h plots of low frequency (LF), high frequency (HF), and LF/HF ratio in power spectral analysis of heart rate variability of 6 miniature swine. Before mixing ( ), on the day of mixing ( ), on the day of separation ( ). Symbols and lines are mean ± SEM. Horizontal black bar shows dark phase. urnal rhythm. The HF power in the light phase was significantly lower than in the dark phase. Moreover, the LF/HF ratio in the light phase was higher than in the dark phase. When 2 swine were housed together, heart rate was significantly increased throughout the day and was maintained at more than 100 bpm. Moreover, the diurnal rhythm which existed in miniature swine housed in individual cages disappeared. The HF power was significantly decreased through a day. However, the LF/HF ratio was significantly increased, especially in the light phase. These changes gradually recovered to basal levels, returning to basal levels after 2 weeks. These results suggest that the autonomic nervous function has a diurnal rhythm, and that the parasympathetic nervous activity may be predominant in the dark phase in miniature swine housed in individual cages. The sympathetic nervous function may be strongly activated by mixing of animals, and 2 weeks may be sufficient for miniature swine to adapt to the different circumstances.
To understand the comfortable circumstance for animals, it is important to establish noninvasive methods for assessment of individual animal responses to various stresses, from the animal well-being point of view. In the classical stress literature two ways of coping (coping styles) are distinguished. 1) Active coping, resembling the fight/flight response, which is characterized by a high activation of the sympathetic adrenal medullary system. 2) Passive coping, resembling the conservation/withdrawal response, characterized by an increase of the pituitary adrenal cortical system [4] .
Social stress elicits behavioral, physiological, endocrinological and immunological changes in animals. These changes differ between animals, and are determined by the coping style of the individual. Although a number of factors have been used as indicators to assess animal well-being, most of these are obtained by invasive methods. However, heart rate variability has recently developed as a noninvasive approach to measure stress in animals, including farm animals [8] . Therefore, we used the power spectral analysis of heart rate variability to evaluate the autonomic nervous function to stress response in miniature swine.
Health and welfare problems in pig production are quite common all over the world. Mixing and transport are two common causes of stress for pigs; aggressive behavior and increased injury scores are reported [3, 11, 14] . The animals are kept under barren conditions, in large groups with high stocking densities. Piglets are weaned at an early age, relocated and mixed several times. Such conditions make it extremely difficult for pigs to establish and maintain a stable social order, and can therefore cause social stress. Pigs are confined in individual boxes with limited space and limited possibilities to perform species' specific behavior. Restraint by a neck-tether or breast girth is also a stressor for animals. Animals exposed to these stresses for the first time vocalize and try to escape by pulling and biting the tether chain. This initial resistance is often very intense and may last for several hours [12] . During this stage physiological reactions, such as increased heart rate and increased plasma ACTH and cortisol levels are shown as acute stress responses. After the initial resistance the animals become relatively quiet and these parameters gradually return to prestress levels.
In this study, when 2 miniature swine were housed together, heart rate rose to its highest level a few hours after mixing. This initial increase in heart rate might be related both to increased locomotor activity due to aggressive behaviour and increased sympathetic nervous activity. Then, increased heart rate was gradually recovered to basal levels, returning to them after 2 weeks. Moreover, the changes in the 24-h plot of heart rate and the LF/HF ratio showed a very strong correlation before and during mixing of animals. Therefore, the power spectral analysis of heart rate variability can be used as a useful method in a study to evaluate stress response, which is a controversial issue.
In conclusion, we showed that changing breeding circumstance has some effect on heart rate and autonomic nervous activity. Moreover, the sympathetic nervous function may be strongly activated by mixing of animals and 2 weeks may be sufficient for miniature swine to adapt to the different circumstances. From these results, we believe that power spectral analysis of heart rate variability can be applied to evaluate and improve husbandry and management systems in the context of animal welfare and well-being.
